Introduction
The poxviruses are large DNA viruses that replicate exResults and Discussion clusively in the cytoplasm of eukaryotic cells. Their autonomy from the host cell DNA replication and transcripThe Overall Structure VP39 is a compact single-domain protein with a typical tional machinery requires that poxvirus genomes encode counterparts to many of those host-cell factors ␣/␤ fold. The central portion of the polypeptide chain folds into a core structure, in which a mixed sevenand enzymes that are normally sequestered in the nucleus. Virus-encoded enzymes catalyze the production stranded twisted ␤-sheet structure is surrounded by parallel ␣ helices ( Figure 1 ). This structure is reminiscent of unspliced mRNA with typical eukaryotic features, such as a 5Ј cap structure and a 3Ј poly(A) tail (Moss, of the Rossmann fold/nucleotide-binding motif found in the dinucleotide-binding domains of dinucleotide-bind-1990). Many of the factors and enzymes responsible for vaccinia transcription and mRNA modification have ing proteins (Rossmann et al., 1974) and in the catalytic domains of other methyltransferases (see below). Apbeen characterized (Moss, 1990) and have provided revealing insights into cellular transcription and mRNA pended to the core are the N-and C-terminal regions of VP39. These regions, which form a loop plus a short processing functions (for review, see .
VP39 is an ‫93ف‬ kDa vaccinia virus protein that partici-␣ helix (N terminus) and three ␣ helices (C terminus) , combine to occlude one face of the core ( Figure 1 ). pates in the maturation of both ends of nascent vaccinia transcripts. At the 5Ј end, the protein acts as a cap-
The structures of four AdoMet-dependent methyltransferases have previously been reported. The three specific mRNA (nucleoside-2Ј-O-)-methyltransferase (Barbosa and Moss, 1978; Schnierle et al., 1992) . In the prokaryotic enzymes, M. Hha I (Klimasauskas et al., 1994) , M. HaeIII (Reinisch et al., 1995) , and M. TaqI (Lainitial steps of mRNA cap synthesis-i.e., guanylylation and guanine-7-methylation-a cap 0 structure (m 7 G bahn et al., 1994) are bilobal in architecture, possessing separate catalytic and substrate recognition domains, (5Ј)ppp(G/A)) is formed (Shuman and Moss, 1990) . VP39 acts upon the cap 0 structure by methylating the ribose while the fourth, mammalian catechol O-methyltransferase (COMT; Vidgren et al., 1994) , is a single domain 2Ј OH of the first transcribed nucleotide in an S-adenosylmethionine (AdoMet)-dependent manner, converting protein. The similarity in layout of secondary structure elements between the mammalian COMT and the catacap 0 to the cap I (m 7 G(5Ј)ppp(G m /A m )) form. At the mRNA 3Ј end, VP39 acts in poly(A) tail elongation as the smaller lytic domains of two of the three prokaryotic enzymes one difference is notable: where ␤ strands 5 and 6 of the consensus are connected by an ␣ helix ( Figure 2 , helix E), the equivalent strands of the VP39 core (␤5 and ␤7) are connected by a short ␤ strand (␤6) together with a long loop connecting strands ␤5 and ␤6.
The protein envelope resembles a highly oblate sphere with one face bisected by a cleft (Figures 3A and  3D ). The cleft face comprises the loops adjacent to the C termini of each of the seven ␤ strands, upon which parallel ridges are formed from two surface features: the long loop connecting strands ␤5 and ␤6, and helix ␣1. The bound AdoMet molecule is positioned near the center of the cleft face as depicted in Figures 3A, 3D , and 3G. Traveling away from the AdoMet-binding site and between the two parallel ridges, the cleft narrows and deepens into a hydrophobic pocket lined with solvent-exposed aromatic side chains, including those of residues Y22 and F180 ( Figure 3A ). The face of the VP39 disk opposite the cleft face is formed from the loops N-terminal to each of the seven ␤ strands, and by the ), a sizable patch of basic residues can be discerned, i.e., parallel to the central seven-stranded ␤ sheet. One side of the surrounded by several solvent-exposed aromatics docleft is formed primarily from the C-terminal loops of the ␤ sheet nated from both the N-terminal loops (e.g., Y12 and F13) plus helix ␣1, the other side from the ␤5-␤6 loop. The position of and the C-terminal helices (e.g., Y264 and F265).
the missing 142-147 loop, near the AdoMet-binding site, is indiOnly 291 of the predicted 333 residues of AS11 were cated. The figure was created using the program MOLSCRIPT (Kraulis, 1991). visible in electron density maps. Whereas density extended to the extreme N terminus of VP39, 36 C-terminal residues were not visible. This invisible region correhas facilitated the derivation of a consensus fold sponds exactly with the 36 residue tail of VP39 which (Schluckebier et al., 1995) . Despite the absence of any was shown biochemically to be unnecessary for VP39 detectable sequence similarity between VP39 and other activity and also to be highly sensitive to proteolytic methyltransferases, comparison of the structure of the cleavage (Shi et al., 1996) . The invisibility of the tail in VP39 core with the consensus structure reveals a very high degree of structural conservation (Figure 2 ). Only electron density maps is consistent with its apparently disordered, highly flexible coil conformation. Also missing from the maps were residues 142-147, which were expected to connect ␤4 with ␣6, presumably forming a six-residue loop. The lack of density for this region suggests it is highly disordered in AS11, likely a result of conformational flexibility.
Geometry of the AdoMet-Binding Site
As AdoMet was not explicitly added to AS11 during crystallization, endogenous coenzyme apparently became bound during expression of the protein in E. coli. Using the refined apo-protein model, an F o -F c map revealed the position of every nonhydrogen atom in AdoMet including its donor methyl (Figure 4 ). The bound AdoMet and closely associated protein residues are among the most highly ordered regions of the overall green patches (abutting the active site and within the pocket) are due to mutants AS14 and AS17, respectively (Schnierle et al., 1994 , This seven-stranded ␣/␤ fold is shared by COMT and the catalytic domains of M. HhaI, M. HaeIII, and M. TaqI (Labahn et al., 1994; Shi et al., 1996) . In (C) , 1991) . The surface is colored red (negative potential due to acidic side chains) or blue (positive potential due to basic side chains). Two contour levels in are indicated by the intensity of surface coloration (blue or red): || > 10 kT is darkest (where kT ϭ .592 kcal/mol); 4 kT < || < 10 kT is lighter. || < 4 kT is not colored blue or red. Solventexposed phenylalanine, tyrosine, and tryptophan side chains are colored green and labeled by residue number. These side chains were only colored if more that 10% of their surface area was determined to be solvent accessible (calculated using the Connolly algorithm implemented in XPLOR [Brü nger, 1992] ). Images (D)-(F) show the surface locations of amino acid substitutions leading to defects in methyltransferase activity without loss of adenylyltransferase-stimulatory activity (Schnierle et al., 1994; Shi et al., 1996) . The region of VP39 containing substitutions leading to defects in binding to the terminal (m 7 G) nucleotide of the cap 0 structure (residues 32-46; Shi et al., 1996) is colored yellow (labeled cap binding). The endpoints of the missing six-residue loop (residues S141 and P148) are colored blue. Solvent-exposed areas of AdoMet are colored gold except for the donor methyl group, which is colored red. The position of the donor methyl group defines the active site (marked active site). The hydrophobic pocket at the distal end of the cleft is labeled pocket. Surface changes resulting from those specifically methyltransferase-defective mutants possessing either an unknown primary lesion or a defect in overall RNA binding are colored The Fo-Fc electron density map, contoured at 2.5 , was calculated at 1.85 Å from a model that did not contain the AdoMet molecule. As shown, the AdoMet molecule is clearly defined including its donor methyl group. Residues appropriately positioned to make either hydrogen bonding or van der Waals contact with AdoMet are shown. Carbon atoms/bonds are colored gray/white; sulfur, yellow; nitrogen, blue; and oxygen, red. The 13 potential hydrogen bonds whose lengths were in the range 2.5-3.3 Å are represented by dashed green lines. For clarity, G68 (whose backbone carbonyl oxygen forms the near vertical hydrogen bond with the ␣-ammonium group of the AdoMet methionine moiety) is not labeled. One of the three potential hydrogen bonds to the 3Ј OH of the AdoMet ribose is almost completely hidden in the view shown. structure, possessing an average temperature factor of G199 and D223 in alcohol dehydrogenase), where the acidic residue hydrogen bonds with the hydroxyls of the 18.6 Å 2 (in comparison with an average of 28 Å 2 for the overall structure). AdoMet appears to be firmly held by NAD adenosine ribose (Eklund et al., 1981) . AS11, via a network of 13 hydrogen bonds plus a number of potential van der Waals contacts ( Figure 4 ). The AdoRelationship of the Structure to the Methyltransferase Activity of VP39 Met-binding site comprises a shallow pocket in the protein envelope, denying most of the AdoMet molecule By mutagenesis combined with functional assays, several regions of VP39 important specifically for its methylcontact with solvent. The edge of the AdoMet adenine transferase activity have been identified (Schnierle et ring comprising atoms N6, N7, and C8 peers out from al., 1994; Shi et al., 1996) . For several of the methyltransone end of the AdoMet-binding pocket, and the donorferase-deficient mutants, substrate binding defects methyl group protrudes from the pocket toward the have been identified that account for their lack of methylcenter of the cleft. The position of AdoMet (at the C transferase activity (Shi et al., 1996) . Thus, three mutants termini of strands ␤1 and ␤2) is equivalent to its posiexhibiting defects in binding to the terminal (m 7 G) nucletion in M. TaqI (Labahn et al., 1994) and COMT otide of the 5Ј cap 0 structure contain substitutions in (Vidgren et al., 1994) and to the position of bound the region between residues 32 and 46 (Shi et al., 1996) . S-adenosylhomocysteine (AdoHcy) in the M. HhaI-DNA This region covers the N-terminal end of helix ␣2 and complex (Klimasauskas et al., 1994) . In addition, several the loop just preceding it, adjacent to the methionine of the specific contacts between VP39 and AdoMet are moiety of the bound AdoMet molecule ( Figure 1 ). The comparable to cofactor contacts made by the other portion of the protein surface derived from residues three structurally defined methyltransferase/cofactor 32-46 is colored yellow in Figures 3D and 3E . complexes (summarized in Table 1 ). Most notable is the conservation of a small residue (G68 in VP39) at the end The segment of VP39 between residues 138 and of a ␤ strand (␤1 in VP39) juxtaposed to an acidic residue 150 was identified as important for AdoMet binding and (D95 in VP39) at the end of an adjacent strand (␤2 in possibly also for methyltransferase catalytic function VP39). Such residues are found in equivalent positions (Shi et al., 1996) . The VP39 mutant AS10, in which D138 at the nicotinamide adenine dinucleotide (NAD)-binding and R140 are substituted with alanines, exhibited wildtype RNA binding behavior including the characteristic sites of all structurally defined dehydrogenases (e.g., cap 0-dependent enhancement of RNA-protein associIn the AS11-AdoMet cocrystal structure, the backbone nitrogen of residue 140 is hydrogen bonded to O 4 Ј of ation rate, but was unique among all of the mutants in being completely deficient in AdoMet binding (Shi et al., the AdoMet ribose ( Figure 4) . If the backbone of R140 adopts a similar conformation in wild-type VP39, then 1996). Since the R140A substitution in a different VP39 mutant (AS11) did not abrogate AdoMet binding, the the arginine side chain would extend into the cleft very close to the position where the AdoMet donor methyl carboxylate side chain of D138 (the only moiety removed from residue 138 by alanine substitution) was implicated group emerges from the AdoMet-binding pocket ( Figure  4 ). R140 might therefore have a role in correctly positionas the sole cause of the AdoMet binding defect. It is notable, therefore, that this carboxylate makes salt link ing the ribose moiety of the substrate nucleotide for methyl transfer. An intriguing explanation for the eleand hydrogen bonding interactions with the ␣-ammonium nitrogen of the AdoMet methionine moiety in the vated AdoMet binding activity of AS11 with respect to that of wild-type VP39 might be provided by the loss, due cocrystal structure (Figure 4 ). This apparently comprises the only salt link between the protein and AdoMet, and to the R140A substitution, of an electrostatic repulsion between the positively charged arginine 140 side chain its apparent importance is underscored by the functional data. The other residues that apparently interact with and the like-charged AdoMet sulfur. An electrostatic repulsion between AdoMet and the wild-type enzyme AdoMet in the cocrystal structure had not been mutated previously (Schnierle et al., 1994; Shi et al., 1996) , so would also be consistent with the low K i observed for AdoHcy, a product of the methyltransferase reaction their importance cannot be ascertained.
The methyltransferase active site is defined by the with a neutral sulfur atom (Barbosa and Moss, 1978) . The other two substitutions in AS11, namely K142A and position of the AdoMet donor methyl group in the cocrystal. This site appears to be vicinal to a patch of basic R143A, are located within the missing 142-147 loop in the AS11 structure (see above). The positions of the residues comprising the side chains of residues K41, K175, and R209 ( Figures 3A and 3D) . The putative bindloop endpoints (colored blue in Figures 3D and 3E) indicate that, in AS11, loop residues are unlikely to contact ing site for the terminal (m 7 G) nucleotide of the cap (described above) is an appropriate distance from the AdoMet directly. An RNA-binding role for K142 and R143 in wild-type VP39 would be consistent with the RNA active site for VP39 to simultaneously bind both the terminal and penultimate (methyl-accepting) nucleobinding defect of the mutant (see below). In addition to the three cap binding-defective mutants tides of the cap, such that the ribose moiety of the latter could be poised to accept the AdoMet methyl group. and mutants AS10 and AS11 (which have anomalous AdoMet-binding properties as described above), the Since the basic region associated with the active site appears to spread toward the binding site for m 7 G (Figsubstrate-binding properties of four additional methyltransferase-specific mutants have been analyzed (Shi ures 3A and 3D), basic residues in this region might be appropriately positioned for ionic interaction with the et al. , 1996) . Two of these (SS5 and AS17) possessed an RNA binding defect. Since the other two (SS4 and triphosphate bridge of the cap.
Two substrate binding defects have been detected in AS14) appeared to be wild-type in binding to AdoMet, as well as to capped and uncapped RNA (Shi et al., methyltransferase-defective mutant AS11 (the mutant whose structure was determined here): an AdoMet bind-1996), their primary lesions were not apparent. The substitutions of the SS5 variant are buried just under the ing activity apparently greater than wild-type VP39 and a very low affinity for both capped and uncapped RNA cleft surface. The surface positions of substitutions in the remaining three mutants are colored green in Figures  (Shi et al. , 1996) . AS11 contains three amino acid substitutions: R140A, K142A, and R143A. Since residue 140 3D-3F, along with the positions of substitutions in an additional specifically methyltransferase-defective muis the closest of the three to the active site, the R140A substitution may be responsible for the increased affintant, AS1 (despite AS1 having not been subjected to substrate-binding assays). Interestingly, substitutions in ity of AS11 for AdoMet or for its catalytic defect, or both.
pocket. The distance from the AdoMet donor methyl to the distal end of the hydrophobic pocket (near F22) is ‫52ف‬ Å . As illustrated in Figure 5 , this distance could accommodate ‫5ف‬ nucleotides of single-stranded oligonucleotide if bases are unstacked as in DNA that is complexed with gene 32 protein (gp32) in the cocrystal ‫5ف(‬ Å per nucleotide; Shamoo et al., 1995), or ‫7ف‬ nucleotides if the bases are stacked with one another (assuming an internucleotide distance of ‫5.3ف‬ Å ). The binding to VP39 of RNA nucleotides in addition to the cap is consistent with the inability of VP39 to methylate a cap structure that is not attached to an RNA chain (Barbosa and Moss, 1978) .
Substitutions in two of the green mutants (above) lie well away from the cleft, either on the flat face or straddling the edge of the protein between this face and the distal end of the cleft (Figures 3D-3F ). Furthermore, one of these mutants (AS17) is strongly defective in overall RNA binding (Shi et al., 1996) . These observations strongly suggest an interesting possibility, namely that the methyltransferase reaction requires its substrate RNA to track around the surface of VP39 beyond the distal end of the cleft. strands is packed against a pair of a helices on one side and solvent exposed on the other. These proteins include the RNP domain-containing proteins (Gö rlach each of the indicated "green" mutants (except for AS1) lie within or close to the cleft ( Figures 3D and 3E) , Wittekind et al., 1992; Oubridge et al., 1994) , the KH module (Morelli et al. 1995) , the dsRNA-binding strongly implicating the whole cleft region in the methyl transfer reaction. However, confirmation of this must domain (Bycroft et al., 1995; Kharrat et al. 1995) , the cold shock proteins (Schindelin et al., 1993 (Schindelin et al., , 1994 , ribosomal await an RNA-protein cocrystal structure.
All of the above data clearly suggest how a 5Ј cap proteins (Leijonmarck et al., 1980; Wilson et al., 1986; Lindahl et al., 1994) , the phage MS2 coat protein (Vale-0-terminated RNA oligonucleotide (i.e., a methyltransferase substrate) might bind VP39. As shown schematigá rd et al., 1994) , and the phage T4 regA protein (Kang et al., 1995) . Typically, the solvent-exposed surface concally in Figure 5 , the substrate oligonucleotide can be arranged into the cleft guided by the cap binding site, the tains a conserved arrangement of phenylalanines and tyrosines with nearby patches of basic residues. Strucmethyltransferase active site, the missing (RNA binding) loop, and the hydrophobic pocket. In this model, the tural studies of RNA-protein complexes confirm that solvent-exposed aromatic side chains attached to the terminal (m 7 G) nucleotide of the type 0 cap interacts with its putative binding site. m 7 G is linked via the tri-␤-sheet stack with the RNA bases Oubridge et al., 1994; Valegá rd et al., 1994) . Furtherphosphate bridge of the cap to the penultimate nucleotide of the cap (labeled N1), whose ribose moiety is more, structural studies of sequence-nonspecific nucleic acid-binding proteins, namely adenovirus DNApositioned at the active site. The first three transcribed nucleotides of the RNA chain (labeled N1-N3) are probinding protein (Tucker et al., 1994) , gene V protein from the phage f1 (Skinner et al., 1994) , and gp32 from T4 posed to be bound nonspecifically within the central region of the cleft, perhaps by hydrogen bonding or cocrystalized with DNA (Shamoo et al., 1995) , also show a pattern of single-stranded nucleic acid-binding via electrostatic interaction of the RNA sugar-phosphate backbone with basic regions present at the active site solvent-exposed ␤ sheets. Although VP39 shares surface features with other RNA and single-stranded nuand within the missing loop (or both). The two subsequent nucleotides (labeled N4 and N5) could be bound cleic acid-binding proteins (above), these features appear to be supported by a fundamentally different at the distal end of the cleft, in a sequence-nonspecific manner, with their bases buried in the hydrophobic protein architecture: the ␤ sheet of VP39 is positioned within the protein core, almost completely sequestered VP39 methylation. As with COMT (Vidgren et al., 1994) , the methylation target of VP39 is a hydroxyl oxygen. from solvent (Figures 1 and 3G-3I) , and nearly the entire surface of VP39 is formed by loops and ␣ helices (Figures However, unlike COMT, VP39 does not require an Mg 2ϩ for methyltransferase activity. 1 and 3G-I). This would indicate that it is the loops and helices, rather than a ␤ sheet, which support the RNAcontacting side chains of VP39.
A Putative Second RNA-Binding Site Remote from the Methyltransferase Cleft Exposed aromatic side chains juxtaposed with basic Evolution ones feature prominently on the face of VP39 opposite The VP39-AdoMet cocrystal structure provides a protothat containing the cleft (i.e., the flat face; Figure 3C ). typic structure of an intact poxvirus protein, though the This arrangement suggests an RNA-binding function, structure of a fragment of vaccinia topoisomerase has due to the prominence of such features on the surbeen reported (Sharma et al., 1994) . Comparison of the faces of various unrelated RNA-binding and sequence-VP39 structure with that of other methyltransferases nonspecific nucleic acid-binding proteins (above). The indicates that, in this instance, vaccinia has not evolved flat face may therefore contain a second putative RNAa completely independent structural solution to an imbinding site (labeled Site B in Figure 3C ). The absence portant catalytic function. Instead, an old fold has apparof pocket-like features on the flat face might not be ently learned new tricks. The overall fold of VP39 sugdisadvantageous if the aromatic amino acid side chains gests its evolution from an ancestral fold shared are able to stack with RNA bases. The flat face of VP39 between diverse methyltransferases, through the addiis formed, in part, from the region C-terminal to the core tion of structures required for its RNA 5Ј and mRNA 3Ј structure of the protein (i.e., helices ␣7, ␣8, and ␣9). end-modifying activities. Each of the three structurally When expressed as a truncation fragment, this segment defined DNA methyltransferases, M. HhaI, M. HaeIII, and of VP39 (plus the invisible C-terminal tail) has been re-M. TaqI, has evolved a second domain that functions in ported to retain nearly wild-type levels of RNA binding substrate recognition and binding and that also plays a in a nitrocellulose filter RNA binding assay (Schnierle et role in base flipping (Klimasauskas et al., 1994; Labahn al., 1994) . Consistent with its observed RNA binding et Cheng, 1995; Reinisch et al., 1995; Roberts, activity, this region also contains nearly 50% of the pro-1995). The single domain architecture of VP39 is more tein's 35 phenylalanine and tyrosine residues (Shi et reminiscent of the small molecule methyltransferase, al., 1996) . However, inspection of the crystal structure COMT, than the bacterial DNA methyltransferases.
indicates that 9 of the C-terminal segment's 15 phenylalThus, instead of acquiring an additional, discrete doanine and tyrosine residues are inaccessible to solvent, main for RNA substrate recognition, VP39 appears to eliminating them from a role in RNA binding in the abhave customized a methyltransferase catalytic domain, sence of substantial conformational rearrangement. A by both incorporating the necessary surface features clear characterization of the roles of residues on the flat into it and appending short N-and C-terminal segments.
face of VP39 will require additional mutagenesis and/or Specifically, the loop connecting strands ␤5 and ␤6 of functional studies. VP39, the only region in which the architecture of the If site B is indeed an RNA-binding site, what is its central VP39 core deviates from the consensus methylrole? It is possible that the binding site for the methyltransferase fold, comprises one side of the cleft contransferase substrate RNA, which possibly extends betaining the methyltransferase active site. Furthermore, yond the distal end of the cleft (above), tracks all the the short N-and C-terminal appendages to the VP39 way to site B. An additional possibility would be that core contribute to both of its putative RNA-binding sites.
site B plays a role in the adenylyltransferase-stimulatory The apparent architectural efficiency of the VP39 design activity of VP39 if it is presumed, as is likely, that direct may be a reflection of its evolution within the context RNA contact is necessary for the action of VP39 as a of an organism with a rapid generation time. Despite its poly(A) polymerase processivity factor. Indeed, site B activity in increasing the processivity of a polymerase, may be the only strong candidate RNA-binding site for VP39 appears to be completely unrelated in structure adenylyltransferase-stimulatory function of VP39, since to the DNA polymerase processivity factors (Kuriyan and mutations in and around the methyltransferase cleft (this O'Donnell, 1993) .
cleft being the only other likely candidate) apparently do not abrogate adenylyltransferase-stimulatory activity Mechanism of the Methyl Transfer Reaction (Shi et al., 1996 ; this study). A mechanism for methyltransferase catalysis has been proposed for the cytosine C5 methyltransferases (Wu Experimental Procedures and Santi, 1987) , the structures of two of which are now known (Cheng et al., 1993 , Reinisch et al., 1995 . By this Sample Preparation mechanism, methylation of the cytosine aromatic ring
The plasmid encoding AS11 was provided by B. Schnierle and B. Moss. For AS11 expression as a glutathione transferase fusion prois initiated by attack of a conserved cysteine sulfurtein, E. coli strain HB101 was transformed with this plasmid. A 100 hydrogen group upon a ring carbon (Wu and Santi, ml culture of transformed cells in superbroth containing 100 mg/l 1987). Such a mechanism could not be not applicable to ampicillin was grown to stationary phase, then used to inoculate a VP39, since the two cysteines of the protein are neither 14 l culture of superbroth/ampicillin. After growth of the 14 l culture required for methyltransferase activity (Schnierle et al., to stationary phase at 37ЊC, in a fermentor with aeration, isopropyl-1994) nor close to the methyltransferase active site (this ␤-D-thiogalactopyranoside (0.5 mM final concentration) was added and the culture maintained for an additional 3-4 hr. Cells were then study). Moreover, an aromatic ring is not the target of 
b One site shared with HgCL2. A second site shared with KAuCN2.
c Rcentric ϭ ͚h,k,l ԽFh,obs (h,k,l)ϪFh,calc (h,k,l)Խ/ ͚h,k,l Fh,obs (h,k,l) for centric reflections only.
d Phasing power ϭ Fh/⑀, where Fh is the heavy atom structure factor amplitude and ⑀ is the residual lack-of-closure error. e ϽFOMϾ ϭ figure of merit defined as cos͗(⌬)͘ harvested by centrifugation and the resulting cell pellet (80 g wet KAu(CN)2, and Ethyl HgCl. From these four derivatives, an interpretable solvent-flattened multiple isomorphous replacement with weight) was suspended in 150 ml of extraction buffer (20 mM HEPES-NaOH (pH 7.5), 0.1 M NaCl, 1 mM 2-mercaptoethanol, 0.1% anomalous scattering (MIRAS) map (<m> ϭ 0.76) was computed to 3 Å (see Table 2 ). Heavy atom parameter refinement, phase calculaNonidet P-40 , 10% glycerol). After 2 min sonication at high power with 50% duty cycle, the broken cell suspension was clarified tion, and solvent flattening were performed using the PHASES package (Furey and Swaminathan, 1990) . Of the protein molecule, 70% by centrifugation and the pellet resonicated in 150 ml of extraction buffer and recentrifuged.
was built into the MIRAS map using the program CHAIN (Sack, 1988) with an initial R-factor of 40%. From this model, a A-weighted 2Fo -Glutathione-sepharose (20 ml packed bead volume; Pharmacia) was added to the 300 ml combined supernatants, and the resulting F c map was calculated using the program SIGMAA (Read, 1986) . After several rounds of rebuilding, refinement, and recalculation of mixture was incubated at 4ЊC for 30 min with inversion. The beads were then pelleted by centrifugation, washed three times with 80 the map using data to 2 Å and the XPLOR program (Brü nger, 1992), 290 of the 333 protein residues were modeled with an ml of extraction buffer, and resuspended in 40 ml total of extraction buffer. The resulting slurry was supplemented with CaCl 2 (2.5 mM) R-factor of 27%. The model was missing the C-terminal 36 residues and the region between residues 142 and 147, containing the triple and incubated with thrombin (30 U, Novagen) at 25ЊC for 4 hr, then overnight at 4ЊC. Supernatant containing the AS11 moiety was demutation. At this stage, strong clear density near the missing loop was recognized as a molecule of S-adenosylmethionine. This molecanted from the settled beads, which were then washed three times with 60 ml aliquots of extraction buffer.
cule was added to the model and the structure was then refined to 1.85 Å . Water molecules (n ϭ 203) were added to the model, which The four fractions containing eluted AS11 protein were pooled, diluted with an equal volume of H 2O, and bound to a 5 ml heparin was then refined to a final R-factor of 21.5% and a free R-factor of 25%. The final structure exhibits good geometry with rms bond agarose column (HiTrap, Pharmacia). After washing the column exhaustively with buffer comprising 10 mM Tris-HCl (pH 8.0), 1 mM deviations of 0.01 Å and rms angle deviations of 1.77Њ. The overall temperature factor was 28.6 Å 2 in agreement with the Wilson plot. 2-mercaptoethanol, and 10% glycerol, to remove all traces of the NP-40 detergent, bound protein was eluted with a linear gradient of 0-500 mM NaCl in the column wash buffer. Fractions containing Acknowledgments the purified AS11 protein were pooled, providing a final protein yield of ‫061ف‬ mg.
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